GaN and its related alloys are being widely developed for blue-ultraviolet emitting and detection devices as well as high temperature, high power, and high frequency electronics. Despite the fast improvement in the growth of good quality GaN, a high concentration of deep level defects of yet unconfirmed origins are still found in GaN. For both optical and electronic devices, these deep carrier traps and/or recombination centers are very important and must therefore be understood. In the present work, deep level defects in GaN grown on sapphire substrates by metal organic chemical vapor deposition (MOCVD) have been investigated using Isothermal Capacitance Transient Spectroscopy (ICTS) and Current Voltage Temperature (IVT) measurements. Several deep level electron traps were characterized, obtaining the emission energy, concentration, and capture cross section from a fit of exponentials to the capacitance transients. ICTS was also used to reveal information about the capture kinetics involved in the traps found in GaN by measuring the amplitude of the capacitance transient at each temperature. At a reduced filling pulse where the traps were not saturated, several of them showed marked reduction in capacitance transient amplitude when compared to the transient amplitude measured under conditions where the filling pulse saturates the traps. This reduction in transient amplitude indicates that there is a barrier to carrier capture, in addition to the emission barrier. It has been found that several traps had capture barriers that were significant fractions of the emission energies up to 0.32 eV. These capture barriers may lead to persistent photoconductivity and reduced trapping. In this paper, deep level emission energies as well as capture barrier energies found in MOCVD-grown GAN will be discussed.
INTRODUCTION
In spite of considerable work to develop gallium nitride based materials, there is still much to be done to understand the nature of the defects. GaN is desirable for applications toward higher density memory,' high power microwave devices and high temperature devices,24 and UV photodetection. 5 - 7 Current studies of the material include investigations of dopants to increase the carrier activation, 8 metallizations to reduce contact resistance or improve rectifying ideality, 9 -"1 extensive efforts to improve the quality of the epitaxial material, and myriad characterization methods that have been employed to understand the origin and role of defects. Lack of high quality lattice-matched substrates for epitaxy is receiving most of the development focus. Epitaxial growth on sapphire and silicon carbide are two of the more prevalent methods. Silicon substrates are also being used. Growth is accomplished by many of the common methods including molecular beam epitaxy, metal-organic chemical vapor deposition (MOCVD), vapor phase epitaxy, and others. Circumventing the high density of threading dislocations has lead to innovative approaches such as lateral epitaxial overgrowth,1 5 , 16 and pendeo-epitaxy,17,1 8 but also using thick buffer layers. 19, 20 The success of these efforts has been progressing steadily, interspersed occasionally with devices that have demonstrated record performance. However, much of the work has demonstrated the limited maturity of the material, compared to other zincblende III-Vs. Current collapse in field effect devices is one of the difficulties that are presently being addressed. 2 ' 2 Limited lifetime for lasers based on nitrides also presents a vexing problem. 23 High concentrations and varied types of defects are recognized as the source of these difficulties. Understanding the characteristics of these defects is an important step in reducing their effects.
EXPERIMENTAL ICTS diode preparation
GaN films were grown using MOCVD technique using a standard two-step growth process, beginning with a 300 A GaN buffer layer grown at 550 `C on sapphire substrates, followed by a 2 mim thick n-type GaN test layer. Before contact fabrication, the samples were degreased in solvents, followed by an acid clean in aqua regia (HCI:nitric acid = 3:1) and a dip in de-ionized water. Ohmic contacts were made by depositing Ti(400 A)/AI(2000 A), and alloying them under an N 2 atmosphere at 900 'C for 30 seconds in a rapid thermal anneal system. Schottky barrier diodes were made by using a 250 g.m diameter of Ni( 1000 A)/Au(1000 A) contacts. Room temperature carrier concentration is -8x10' 6 cm 3 , while the room temperature mobility is 250 cm 2 /V-sec.
Deep level characterization
Deep levels in epitaxial GaN were characterized using isothermal capacitance transient spectroscopy (ICTS) and by current-voltage-temperature (IVT) measurements. The ICTS experimental setup uses a data acquisition board to record the entire capacitance transient, and fits the recorded transients for one or two exponential components. The capacitance is measured using a SULA meter with minimum conversion time of 10 pisec. Data acquisition is performed by a high-resolution 16-bit National Instruments board. Representative conditions are to record -400 points, averaged over -1000 transients at each temperature, stepping the temperature every 2-5 K. The ICTS equipment can detect a deep level concentration of-5x 10 5 ni and greater, where n, is the shallow carrier concentration. Once the transients are acquired, they are fit using modulating functions and least squares analysis 24 or commercial curve fitting software. This method of exponential transient fitting has the capability of separating several overlapping emission signals. The analysis fits the capacitance as a function of time, t, given by
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where Ai is the squared amplitude of the transient due to the i"h energy level at a given temperature. A0 is the steady state value of capacitance squared with e0=0, and ej is the emission rate of the i"' energy level. The transients can be fit for one, two, or three exponential components. Then the emission rates are taken from the fit with the smallest least squares error and used to form the Arrhenius plot. The activation energy of the trap is obtained from the slope of the Arrhenius plot, and the capture cross section is obtained from the vertical axis intercept. The trap concentration is determined from the amplitude of each transient. The method of recording and fitting the entire transient used here has been shown to be more accurate than rate-window methods. 25 As data acquisition has become faster and available as an add-in board for personal computers, the method of recording and analyzing the entire transient is gradually replacing the earlier method of rate windows. Typically, the trap energy, capture cross section, and concentration are reported characteristics. Analysis assumes that the measured characteristics of the capture cross section are not dependent on temperature. This condition is met if the filling pulse is long enough to saturate the traps over the temperature range of interest. However, several models of capture have been proposed, some of which are temperature dependent. More thorough investigation of the capture cross sections of traps will contribute to the better understanding of the materials, and contribute to the understanding of each of the models. Recording the entire transient capacitance versus time and temperature facilitates measurement of the capture barrier using a single temperature scan. Otherwise, several temperature scans must be done using the rate window method, varying the filling pulse width each time. 26 Adding the capture mechanisms to the other deep level characteristics that are usually reported will provide more accurate information for predicting carrier lifetimes used in device design.
Among the models for capture, three of the more prominent capture processes are cascade capture, capture by multi-phonon emission, and capture associated with Auger recombination. Lax proposed the model of capture as an electron cascading through closely spaced, extended states. 27 The carrier loses energy by emitting a phonon between each extended state. The process of cascade capture has negative temperature dependence as an exponent of temperature, TX. A deeper Coulombic level would have lower energy levels spaced too far apart to allow transitions accompanied by the loss of only one phonon. In this case, simultaneous emission of multiple phonons has been shown to take place.28 As opposed to cascade capture, multi-phonon emission has a cross section that increases exponentially with increasing temperature, with a characteristic activation energy. The energy loss can be realized by a relaxation or a distortion of the lattice. The method used in this paper to extract the activation energy applies only to capture barriers due to multi-phonon emission.
In an ICTS experiment, a filling pulse that saturates the trap is required in order to obtain accurate trap emission energy and capture cross section from the Arrhenius plot. If saturating conditions are achieved, then the trap depth, ET, and the capture cross section, a are obtained from the slope and intercept of a plot of the emission rate versus l1kT, respectively. Alternatively, the capture barrier can be measured by using a narrower, non-saturating filling pulse. The barrier for capture by multi-phonon emission is evident from the change in the amplitude of the capacitance transient as the temperature increases.
The concentration of filled traps, NT", is
NT, is the total trap concentration, tf is the filling pulse width, a-is the high temperature capture cross section, V/h is the thermal velocity, n, is the shallow carrier concentration. Eb is the activation energy of the capture process, k is Boltzmann's constant, and T is the temperature. In practice, to measure the capture barrier, the temperature is set for maximum response from the trap. Then the pulse width is reduced until there is a reduction in capacitance transient amplitude, but wide enough so that the transient amplitude is well above the noise level. Next, the transients are recorded at temperature steps covering the entire temperature range where the trap responds. Equation (2) shows that as the temperature increases, the concentration of filled traps increases until the exponential term goes to zero and the trap is saturated. The change in concentration of filled traps is reflected in the amplitude of the capacitance transient. Fitting of the capacitance transients provides trap concentration versus temperature, which can then be fit according to equation (2) to obtain the capture barrier energy. This method is similar to other methods of measuring the capture barrier but doesn't require the complexities of repeated temperature scans or elaborate pulse shaping. C is the capacitance transient amplitude at temperature T using a filling pulse of width tr, CG is the transient capacitance amplitude for a very long charging time, K is a proportionality factor that is constant with temperature. This equation is appropriate if capture is by multi-phonon emission. , respectively. The peak at 300K was deconvolved to two traps labeled E3 and E4, with characteristics E,=0.548 eV, a=2x10-5 cm2 and ET=0.613 eV, =9x10-15 cm 2 , respectively. The result of the IVT measurements are shown in figure 2. The energy levels are measured for three values of the reverse bias, -I V, -2 V, and -3 V. The dominant generation center from IVT measurements is at 0.54 eV. As the reverse bias increases, the measured energy decreases, as shown in the figure. The reduction in generation center energy with increasing reverse bias reveals the donor nature of this deep level.
RESULTS

Figure
Reducing the filling pulse from 10 msec down to 50 psec was used to detect traps with a temperature dependent capture cross section. The traps at E2, E3 and E4 all showed evidence of a temperature dependent capture cross section. Further measurements were made for analyzing the transient amplitude as a function of temperature, in order to obtain more information regarding the trapping mechanism.
Further evidence is shown in plots of the concentration of filled traps as a function of temperature, which are obtained from the amplitude of the transients as they change with temperature. The amplitude obtained for the low temperature peaks is plotted in figure 3a with and without the saturating filling pulse for the traps appearing in the rate window plot between 100K and 175K. Note that trap El has a higher concentration with a reduced filling pulse width, although it is not evident from the rate window plot of figure I. Trap E2 shows the behavior that is expected for reduced filling pulse width, where the curves merge at sufficiently high temperature.
The amplitude data extracted from the capacitance transients between 275K and 400K are shown in figure 3b. An interesting observation is that the two traps show competing trapping behavior. Trap E3 is filled at the expense of trap E4 over a broad range of temperature from 300 to 340K. This behavior can be explained as arising from a defect that can trap two electrons. The emission energy for the second trapped electron is reduced due to Coulomb repulsion. Capture barriers for the traps were determined using equation 3. Although, the signal strength was not high enough for analysis of the capture barrier for EI and E2. Figure 4 shows the capture barriers for E3 and E4. The trap E3 at 300K has a capture barrier of 0.32 eV as shown in the figure. Trap E4, with higher concentration, has a capture barrier of 0.12 eV.
DISCUSSION
Trap El is very similar to a trap that has been attributed to a nitrogen vacancy. 31 . 32 If El and E2 are part of a defect that can trap two electrons, the reduced filling pulse preferentially fills traps with one electron. A wider filling pulse should fill the defect with two electrons. However, the emission energy of the trap filled with two electrons would be expected to be lower due to Coulomb repulsion. The observation of higher occupation of the lower energy trap, El, at narrow filling pulse with is evidence for assignment of a negative U binding energy arrangement, where the configuration changes to make the trapping of two electrons more tightly bound than one electron. Trap E2 has been reported previously for several different growth methods.
• - 33, 34 although the origin has not been determined. 33 Other studies of the electron trap E3 at 0.55 eV in various heterostructures found that the density of the trap does not change much from structure to structure or from undoped to Mg doped p-GaN.
3 -It is a commonly reported deep level in GaN grown under many different conditions, suggesting that it is not related to impurities. 35 ' 36 The coupled relationship between the traps at 0.55 and 0.61 eV in the present work, labeled E3 and E4, respectively, indicate that the trap at 0.55 eV is a defect complex with the 0.61 eV trap. Also, Hullavarad et al. reported that the 0.6 eV level has its origin in nitrogen vacancies and vacancy clusters. 3 7 The IVT measurement of a dominant generation center at 0.54 eV at -1 V corresponds to the trap labeled E4 at 0.61 eV measured with ICTS at -1.5 V. IVT is an equilibrium measurement, where ICTS measurements are made under nonequilibrium conditions. Therefore, IVT will measure the energy difference between the ground state of the defect and the bottom of the conduction band. The energy measured by ICTS is from the ground state of the defect to the top of the capture barrier energy, which is 0.12 eV for E4. The difference between the emission energy and the capture barrier energy measured by ICTS is thus 0.49 eV, which compares well to a value of 0.53+0.05 eV for IVT, when interpolated to -1.5 V. E4 is also expected to be the dominant defect because of its position nearest to mid-gap, larger cross section, smaller capture barrier, and higher concentration compared to the other traps that are present.
The remarkable feature of these measurements is the common occurrence of capture barriers for many of the traps. Several other studies have also observed evidence for capture barriers. In other work, four energy levels were characterized in GaN on sapphire, each of which had thermal ionization energy less than the value of the optical ionization energies. 3 In that study, an increase in photoionization cross section with increasing illumination energy was reported, similar to the studies of the DX center in AIGaAs. The difference in optical and thermal ionization energies and the increase in photoionization cross section are due to a lattice relaxation associated with a capture barrier for the DX center. Polyakov, et al. has also pointed out that persistent photoconductivity (PPC), which is due to the presence of a capture barrier, is a common feature in GaN and can be responsible for the current collapse in field effect transistors. 39 A capture barrier of 0.2 eV was measured in their work, although the associated thermal emission energy was unknown. The reason they suggested for the capture barrier was Temperature (K) that it is due either to a lattice relaxation, or to electrostatic potential variations in the samples resulting from non-uniformly distributed, electrically active donor and acceptor centers. An alternative explanation for the prevalence of capture barriers could be offered by the very strong piezoelectric effect found in GaN. The lack of inversion symmetry in nitrides gives rise to piezoelectric effects when strained along [0001], which can be an order of magnitude larger than other III-Vs. 4 1 In addition to the strain effects, the greater screening of defects by surrounding core ion charges, reflected by the larger polarizability in GaN, needs to be taken into account. It is possible that the electrons bound to ions surrounding the defect shift toward or away from the defect to a greater extent than in other 111-V materials, such as GaAs, creating a potential barrier. The effect has been addressed in applications toward nitride quantum well structures, but not for point defects or defect complexes. 4 1 CONCLUSION Four electron traps were measured by ICTS in MOCVD GaN. The deep levels are measured at E1-O.190 eV, E2=0.253 eV, E3--0.548 cV, and at E4=0.613 eV. The dominant generation center was determined by IVT to be the donor trap E4. Changes in the filling pulse width showed the presence of capture barriers in several of the traps. Additional analyses were performed to extract the amplitude of the capacitance transients as a function of temperature, both for saturating filling conditions and non-saturating filling conditions, in order to obtain the capture barriers. El and showed a behavior consistent with a defect center having a negative U binding energy arrangement. Displaying the transient amplitude as a function of temperature also revealed coupled defect behavior between E3 and E4 where E3 was filled at the expense of the occupation of E4. Capture barriers were deternined to be 0.32 eV for E3, and 0.12 eV for E4. The prevalence of capture barriers is suggested to be a basic property of the nitrides, which may be due to the large polarizability, requiring further study.
